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When we actively interact with the environment, it is crucial that we perceive a
precise temporal relationship between our own actions and sensory effects to guide
our body movements. Thus, we hypothesized that voluntary movements improve
perceptual sensitivity to the temporal disparity between auditory and movement-
related somatosensory events compared to when they are delivered passively to
sensory receptors. In the voluntary condition, participants voluntarily tapped a button,
and a noise burst was presented at various onset asynchronies relative to the
button press. The participants made either “sound-first” or “touch-first” responses.
We found that the performance of temporal order judgment (TOJ) in the voluntary
condition (as indexed by the just noticeable difference (JND)) was significantly better
(M = 42.5 ms ± 3.8 SEM) than that when their finger was passively stimulated (passive
condition: M = 66.8 ms ± 6.3 SEM). We further examined whether the performance
improvement with voluntary action can be attributed to the prediction of the timing of the
stimulation from sensory cues (sensory-based prediction), kinesthetic cues contained
in voluntary action, and/or to the prediction of stimulation timing from the efference
copy of the motor command (motor-based prediction). When three noise bursts were
presented before the target burst with regular intervals (predictable condition) and
when the participant’s finger was moved passively to press the button (involuntary
condition), the TOJ performance was not improved from that in the passive condition.
These results suggest that the improvement in sensitivity to temporal disparity between
somatosensory and auditory events caused by the voluntary action cannot be attributed
to sensory-based prediction and kinesthetic cues. Rather, the prediction from the
efference copy of the motor command would be crucial for improving the temporal
sensitivity.
Keywords: voluntary action, temporal sensitivity, multisensory integration, involuntary action, auditory
perception, somatosensory perception
INTRODUCTION
When we actively interact with the environment in everyday life, most of our body movements can
generate impact sounds that provide fine temporal information regarding our body-environment
interactions. Such auditory feedback of body movements can affect our motor behavior (e.g.,
Tajadura-Jiménez et al., 2016). For example, tapping behavior synchronized to a regular auditory
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sequence can be distracted by a subtle temporal irregularity
inserted into the sequence (Repp, 2000; Kato and Konishi,
2006). To achieve precise control of body movements, our
sensorimotor system has to assess the fine temporal relationship
among voluntary actions and sensory feedback from multiple
sensory modalities. Thus, our perceptual system would be more
sensitive to temporal disparity between events in different
sensory modalities when we voluntarily cause those sensory
events compared to when the sensory events are delivered to
our sensory receptors passively. We hypothesized that voluntary
movements improve perceptual sensitivity to temporal disparity
between auditory and movement-related somatosensory events
in cases where there is a strong causal relationship between
voluntary movements and those sensory events.
Three possible components contained in voluntary
movements may improve multisensory temporal sensitivity
compared to temporal sensitivity without body movements.
The first component concerns the predictability of the timing of
sensory events. When we voluntarily make a body movement,
such as making a finger tap on a surface, we can know
when we move the finger and when we will receive sensory
feedback from the finger tap and thus can pay attention to the
moment the finger contacts the surface. Since attention to a
particular moment in time can enhance temporal resolution
between sensory events around the attended moment (Correa
et al., 2006), the predictability of the timing of sensory events
might improve multisensory temporal sensitivity. The second
component involves kinesthetic cues contained in voluntary
movements. During body movements, we receive kinesthetic
feedback from the moving body part irrespective of whether the
movement is voluntary or involuntary. Such online kinesthetic
cues (as well as the prediction of the timing of sensory events
from those kinesthetic cues) might be useful in assessing the
temporal relationship between feedback from multiple sensory
modalities. The third component is related to the existence of an
efference copy of the motor command of voluntary movement.
The efference copy of a motor command is used to predict
sensory feedback that estimates the sensory consequences of
voluntary movement (Wolpert and Ghahramani, 2000). This
prediction of sensory feedback generated by the motor system
(i.e., motor-based prediction) might improve multisensory
temporal sensitivity.
A seminal study (Adelstein et al., 2003) provides possible
support for our hypothesis that voluntary movements improve
perceptual sensitivity to temporal disparity betweenmultisensory
events caused by the voluntary movement. They measured
perceptual sensitivity to temporal delays of auditory events
from voluntary strike impacts of a hammer on a block and
reported that the just noticeable difference (JND), which
represents the observers’ sensitivity to temporal asynchronies
and represents the smallest temporal disparity observers can
reliably notice (Keetels and Vroomen, 2012), was around
25 ms. This value of the JND seems rather small compared
to those usually reported for passively delivered auditory-
somatosensory stimuli (e.g., about 80 ms for non-trained
participants reported by Zampini et al., 2005). However, since
multisensory temporal sensitivity can be affected by several
factors such as the temporal profile of stimuli (Ley et al.,
2009), training in the task (Zampini et al., 2005), spatial
disparity between stimuli and stimulus complexity (for a review
see Keetels and Vroomen, 2012), directly comparing these
magnitudes of JNDs obtained in the different experimental
conditions is difficult. Also note that careful experimental control
is necessary in order to disentangle the effects of the three
components involved in voluntary movements on the possible
improvement of temporal sensitivity reported by Adelstein et al.
(2003).
More recent studies have tried to further assess the effects
of voluntary movements on multisensory temporal perception
by introducing an involuntary movement condition in which
the participants’ arm or finger is moved passively by a
device (Frissen et al., 2012; Nishi et al., 2014; Hao et al.,
2015, 2016). They compared the effects of voluntary and
involuntary movements on multisensory temporal sensitivity,
but the findings are not consistent even among the studies from
the same laboratory. Although no significant differences in JNDs
for the temporal disparity of auditory-somatosensory events
between the voluntary and involuntary movement conditions
have been reported (Frissen et al., 2012; Hao et al., 2015),
improvement (Nishi et al., 2014) and even deterioration (Hao
et al., 2016) of the JNDs has also been observed in the voluntary
movement condition compared to passive and involuntary
ones. The reason for this inconsistency between the findings
of the previous studies is unclear. However, a critical point
concerning the present interest is that, in these studies, there
was no causal relationship between the voluntary movements
and the auditory-somatosensory events: the somatosensory
events were not caused by the voluntary movements per se;
instead, they were applied passively during body movement at
a random timing relative to them. Therefore, the findings of
these previous studies can provide some implications only for
the temporal perception during voluntary movements of the
body in general, as it has been reported that somatosensory
events are perceived as displaced in space and time during
voluntary body movements (Dassonville, 1995; Watanabe et al.,
2009). The effects of voluntary movements on perceptual
sensitivity to temporal disparities between multisensory events
under a strong causal relationship between the voluntary
movements and the multisensory events are still unknown,
despite their importance for the understanding the nature
of the temporal aspects of our active body-environment
interactions.
The present study tried to dissociate the effects of the
three components—sensory-based predictability of the timing
of multisensory events, kinesthetic cues of body movements
and motor-based prediction from the efference copy of a
motor command—involved in voluntary movements that might
improve multisensory temporal sensitivity (compared to that
without body movements) when there is a strong causal
relationship between the voluntary movements and the sensory
events. In our experiment, we measured perceptual sensitivity
to temporal disparity between movement-related somatosensory
and auditory events in four conditions: passive, predictable,
involuntary and voluntary conditions. Table 1 shows the
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TABLE 1 | Availability of three components that might improve temporal
sensitivity in the four experimental conditions.
Available component
Experimental
condition
Sensory-based
prediction
Online kinesthetic
cues
Motor-based
prediction
Passive
Predictable ©
Involuntary © ©
Voluntary © © ©
availability of the three components in the four experimental
conditions. In the passive condition, participants’ static finger
was tapped passively and none of the three components were
available. In the predictable condition, the participants’ finger
was tapped passively and a sensory cue was provided that
enabled the participants to make a sensory-based prediction of
the timing of the sensory events. In the involuntary condition,
a device moved the participants’ finger to make it tap on
a surface. This provided online kinesthetic cues for assessing
the temporal relationship between the audiotactile events, and
the kinesthetic cues could also be used to predict the event
timing. In the voluntary condition, participants made a voluntary
finger tap on a surface and all three components were available.
In all conditions, a brief sound was presented at various
stimulus onset asynchrony (SOA) relative to the somatosensory
event. We employed a temporal order judgment (TOJ) task
for assessing the temporal sensitivity (Vroomen and Keetels,
2010).
MATERIALS AND METHODS
Participants
Fifteen right-handed participants (seven males and eight
females, aged 21–35) took part in the experiments. They
were naïve as to the purpose of the study. This study was
carried out in accordance with the recommendations of ethical
guidelines of NTT Communication Science Laboratories. All
participants gave written informed consent in accordance
with the Declaration of Helsinki. The protocol was approved
by the ethical committee of NTT Communication Science
Laboratories.
Apparatus and Materials
The experiments were conducted in a sound-attenuated
chamber. The participants sat at a table and rested their right
forearm so that their right forefinger was located just above
a button fixed in a box (Figure 1A). Their hand and the
apparatus were hidden from their view. The experiment was
controlled by MATLAB (MathWorks) on a computer and
custom-made apparatus. The sound stimulus was a white-
noise burst of 10-ms duration presented at 70 dB SPL
through closed-ear headphones (Sennheiser HDA200). Two
loudspeakers were used to present white noise at 80 dB SPL
to completely mask any noise made by the apparatus and
finger movements. The headphones attenuated the masking
noise to 60 dB SPL. The somatosensory stimulus in the
passive and predictable conditions was delivered to the right
forefinger pad by a moving bar with the contactor of a micro-
switch (5 mm × 15 mm; see Figure 1A). The voluntary
(i.e., self-generated) somatosensory stimulus consisted of a
voluntary finger tap to the same micro-switch (Figure 1B). The
involuntary somatosensory stimulus consisted of an involuntary
finger tap to the micro-switch. That is, the participants’
finger was lifted and then released by a moving bar to
make the finger tap the button involuntarily (Figure 1C).
A magnet was fixed at the middle of the finger, and a
magnetometric sensor located inside the box monitored the
distance to the finger (Figures 1B,C), allowing the sound
stimulus to be presented prior to the voluntary and involuntary
touch.
Procedure
On each trial in the all conditions, the participants’ task was
to make TOJs between the auditory and somatosensory events
(‘‘touch-first’’ or ‘‘sound-first’’). They depressed foot pedals (one
under the left foot and another under the right foot) throughout
each block of trials. They raised their left (right) foot briefly
to indicate a sound-first (touch-first) response. In the passive
and predictable conditions, each trial started after a random
interval (800–1800 ms) from the onset of light-emitting diode
(LED) illumination. The bar then moved upwards to tap the
participants’ right forefinger pad. In the voluntary condition, the
participants started the trial with their forefinger lifted around
7 cm above the button, and they voluntarily tapped the button at
a time of their choice after an LEDwas illuminated to indicate the
start of the trial. In the involuntary condition, the participants’
finger was lifted around 7 cm above the button. After a random
interval (800–1800 ms) from the onset of LED illumination, it
was released by the moving bar to make the finger tap the button
involuntarily. It took around 150 ms for the finger to hit the
button in the voluntary and involuntary conditions.
The SOA between the auditory and somatosensory events was
either ±200, ±150, ±100, ±80, ±60, ±40 or ±20 ms (negative
value indicates sound before touch) in the passive and predictable
conditions, whereas the SOA in the voluntary and involuntary
conditions was either−50,−40,−30,−20,−15,−10,−5, 20, 40,
60, 80, 100, 150 or 200 ms (Figure 2). The minimum value of the
SOA of −50 ms was determined by the maximum finger-sensor
distance that could be measured reliably by the magnetometric
sensor. The negative SOAs in the voluntary and involuntary
conditions were measured as the actual time difference between
the sound onset and the onset of touching the button. This was
done because there was trial-to-trial variability in the actual SOAs
due to slight differences in the finger movements, and then the
SOAs were split into six bins of 10-ms width with the centers
of −55, −45, −35, −25, −15, −5 ms for further analyses. In
the predictable condition, a noise burst that was the same as
the target noise burst was presented three times prior to the
target burst at regular 500-ms intervals (Figure 2B) so that the
participants could predict the target tone and pay attention to
that moment. Each condition (passive, voluntary, predictable
and involuntary) was separated into five experimental blocks
in which each SOA was presented ten times in random order
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FIGURE 1 | Schematic illustrations of the experimental setups in the passive and predictable conditions (A), the voluntary condition (B) and the
involuntary condition (C). The participants’ hand and the setup were hidden from the participants’ view. In the voluntary and involuntary conditions
(B,C), a magnetometric sensor monitored the distance to a magnet attached to the finger, enabling us to present the sound before the button was touched.
FIGURE 2 | Time course of trial in passive, voluntary and involuntary conditions (A), and in the predictable condition (B). Negative stimulus onset asynchrony
(SOA) indicates sound before touch.
(in total 50 trials for each SOA). Twenty experimental blocks
(4 conditions× 5 blocks) were presented in random order.
RESULTS
We found that the voluntary action influenced the temporal
sensitivity. The proportion of ‘‘touch-first’’ responses was plotted
as a function of SOA (a negative value indicates sound before
touch), and cumulative Gaussian functions were fitted to each
participant’s data (Wichmann and Hill, 2001) for each condition.
A typical participant performed the TOJ task almost perfectly at
SOAs longer than 100 ms in the passive condition (Figure 3).
In the voluntary condition, the performance was almost perfect
even at SOAs as short as 50 ms, resulting in a steeper
psychometric function in the voluntary condition than in the
passive one. The psychometric functions in the involuntary and
predictable conditions had slopes similar to that in the passive
condition.
We calculated the JND and the point of subjective
simultaneity (PSS). The JND, which corresponds to the standard
deviation of the fitted function, represents the observers’
sensitivity to temporal asynchronies. PSS is assumed that
at this SOA, the information from the different modalities
is perceived as being maximally simultaneous (Keetels and
Vroomen, 2012). A repeated-measures analysis of variance
of the JNDs revealed a significant main effect of condition
(F(3,42) = 10.03, p < 0.0001). Post hoc comparisons (Tukey’s
honest significant difference) showed that the JND in the
voluntary condition was significantly smaller than in the
passive, predictable and involuntary conditions (p < 0.01),
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FIGURE 3 | Psychometric functions (proportion of “touch-first”
responses as a function of SOA) from a typical participant, K.A. The
size of each plot reflects the number of trials. Each SOA was presented an
average of 50 times.
with no significant differences between those three conditions
(Figure 4A). While the observed JNDs in the passive condition
were comparable to those reported in previous studies (e.g.,
Zampini et al., 2005), the voluntary movement reduced the
JND by 36% from that obtained in the passive condition
(Figure 4A; the mean JND was 66.8 (±6.3 SEM) in the
passive condition and 42.5 (±3.8 SEM) in the voluntary
condition). The same analysis of the PSSs revealed no
significant main effect of condition (F(3,42) = 1.19, p = 0.32,
Figure 4B).
DISCUSSION
Previous studies have examined the effects of voluntary
movements on temporal perception of sensory events without
causal relationship between voluntary movements and sensory
events (Frissen et al., 2012; Nishi et al., 2014; Hao et al., 2015).
In contrast, the present study examined whether voluntary
movements improve perceptual sensitivity to temporal disparity
between mutltisensory events when those events are virtually
caused by the voluntary movements. We tried to determine
which components involved in voluntary movements (the
sensory-based prediction, kinesthetic cues and motor-based
prediction) are responsible for the improvement in temporal
sensitivity. We found that temporal sensitivity in the voluntary
condition was significantly higher than in the passive condition.
The lack of improvement in the temporal sensitivity in the
predictable condition suggests that predicting the timing of
sensory events from sensory cues (i.e., sensory-based prediction)
does not improve the temporal sensitivity. As the temporal
sensitivity in the involuntary condition was almost the same
as that in the passive condition, kinesthetic cues contained in
voluntary movements cannot explain the improvement of the
temporal sensitivity. These results suggest that the efference
copy of the motor command of voluntary movement plays
an important role in improving the temporal sensitivity (see
Table 1). The timing of sensory feedback predicted by the motor
system (i.e., motor-based prediction) would improve perceptual
FIGURE 4 | (A) Mean just noticeable differences (JNDs) in the four conditions. Error bars indicate the standard error of the mean. Asterisks show significance of
difference (∗∗p < 0.01). (B) Mean point of subjective simultaneity (PSS) in the four conditions with error bars of standard error of the mean.
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temporal sensitivity between the sensory events caused by the
voluntary movements.
Although no improvement in the temporal sensitivity was
observed in the predictable condition, a previous study (Shi et al.,
2008) reported that the presentation of visual motion trajectory
could improve sensitivity to temporal disparity between a
subsequent visual collision and auditory event. This suggests
that sensory-based prediction from visual anticipatory cues can
improve audiovisual temporal sensitivity to causally related
sensory events (see also Van Eijk, 2008, Chapter 4 for similar
results). In our predictable condition, the auditory sequence
with 500-ms intervals was presented as an auditory anticipatory
cue. The threshold for detecting irregularity such an auditory
sequence would be around 20 ms (Halpern and Darwin,
1982), which is fairly smaller than the JNDs observed in the
present study. Thus, the auditory sequence itself would contain
sufficient anticipatory information about the stimulus timing for
improving temporal sensitivity. In the involuntary condition,
the continuous kinesthetic cue could also be used to predict
the timing of the finger tap, but no improvement in temporal
sensitivity was observed. Future studies should examine what
kind of sensory predictive information can enhancemultisensory
temporal perception.
One may argue that the results can be explained by
sensory attenuation caused by a voluntary movement (e.g.,
Blakemore et al., 1998). However, this argument is implausible
in two respects. First, attenuated sensation would degrade TOJ
performance (Terao et al., 2008), whereas voluntary movements
improved the performance in the present study. Second,
attenuated sensationmight lead to slower latency of the sensation
(e.g., Smith, 1933), which would result in a PSS shift rather than
a JND change.
The PSSs observed in the passive condition were slightly
biased to a positive value (i.e., the somatosensory events led
the auditory event). This direction of bias in PSS has been
reported repeatedly for passive audiotactile TOJ (Zampini et al.,
2005; Nishi et al., 2014; Hao et al., 2015), suggesting that
the tactile event should be presented slightly earlier than the
auditory one for it to be perceived simultaneously with the
auditory event. We observed no significant differences of PSSs
between the conditions. However, it should be noted that the
range of the SOAs in the voluntary and involuntary conditions
(−50 to 200 ms) were different from those in the passive
and predictable conditions (−200 to 200 ms). The absence of
significant differences in the PSSs between the conditions might
reflect centering bias (i.e., observers’ tendency to center their
range of responses on the range of stimuli; Poulton, 1979),
resulting from the different stimulus distributions between the
conditions.
It has been reported that voluntary movements also enhance
the action-effect binding process by attracting an action and
its effect to each other in perceived time, with their tending
to lower the perceptual temporal sensitivity (Haggard et al.,
2002; Engbert et al., 2008; Wenke and Haggard, 2009). This
‘‘intentional binding’’ has typically been reported for pairs
of voluntary movements and their effects with an onset
asynchrony of 200–600 ms, which is obviously the supra-
threshold for detecting temporal disparity. However, the present
study revealed that perceptual temporal sensitivity improves
within a 100-ms asynchrony range relative to the voluntary
movement. We suggest that the central nervous system has
at least two neural mechanisms that process the temporal
relationship between voluntary movements and sensory effects.
One improves the temporal resolution at the perceptual level
within a time range immediately surrounding voluntary actions
(less than 100 ms asynchrony), thus assisting precise motor
control. The other binds voluntary movements and their effects
that occur close together in time but clearly asynchronously
(more than 200 ms up to several hundreds of milliseconds),
thereby enhancing the causal relationship between actions
and effects in conscious awareness. It would be interesting to
examine the relationship between these mechanisms in future
research.
In conclusion, we found that perceptual sensitivity to
temporal disparity between auditory and somatosensory events
can be higher when the sensory events are caused by voluntary
body movements than when they are passively delivered. This
improvement cannot be attributed to sensory-based prediction
of the timing of multisensory events or to kinesthetic cues of
body movements. Rather, motor-based prediction of the timing
of sensory feedback from efference copy of motor command
would improve temporal sensitivity. To best of our knowledge,
this is the first empirical evidence that perceptual temporal
sensitivity can be improved by motor-based prediction generated
by the motor system. This process would provide an accurate
temporal comparison of predicted and actual sensory effects,
thus assisting precise temporal control of body movement
in body-environment interactions. Several issues remain for
future investigation. For instance, it is uncertain what is exactly
improved by voluntary movement (e.g., timing encoding of the
sensory events) and what differences between sensory-based and
motor-based prediction improve the temporal sensitivity (e.g.,
difference in temporal precision of predictions, or any qualitative
or functional differences of predictions). It would also be worth
investigating neural mechanisms involved in the influence of
motor-based prediction on improvement of perceptual temporal
sensitivity.
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